We describe in detail our caesium atom interferometer which uses a combination of microwaves and momentum-changing adiabatic transfer pulses. This combination allows us to achieve spatial separation between the arms of the interferometer. We account for the observed visibility of the resulting interference fringes and find that the effects which contribute the most are optical pumping and magnetic fields. 0953-4075/99/205033+13$30.00
Introduction
In the last few years atom interferometers have found many uses, ranging from tests of fundamental principles in quantum mechanics to precision measurements of accelerations and rotations [1] . In all these experiments an atomic matter wave is split into two coherent wavepackets. These wavepackets are coherently manipulated along different paths and then recombined. A variety of techniques has been used to manipulate the external degrees of freedom of the atoms including the use of material gratings, magnetic fields and laser light. In this paper we will describe our method for the manipulation of the atoms' position and momentum [2] which uses a unique combination of microwave and optical interactions. Use of the microwaves allows us to first create a superposition of the internal states of the atom which share the same translational state. We then give different external momenta to each of these internal states by applying adiabatic transfer (AT) light pulses. By using these two distinct interactions to manipulate separately the internal and external degrees of freedom, we gain a greater level of control over the atom and have been able to investigate the effects which destroy the coherence between the internal states.
In the next two sections of this paper, we shall describe our atom interferometer in detail. This will include a brief discussion of the process of AT [3] , the method by which the laser field coherently imparts momentum to the atoms. A proper understanding of this process is extremely important in optimizing the momentum transfer efficiency and hence making an interferometer with good fringe contrast. We shall then discuss the other factors which limit the fringe contrast of our interferometer such as magnetic fields and light shifts.
The interferometer
There are three main components to the interferometer: the atomic source, the microwaves which control the internal degrees of freedom and the AT light pulses which control the external degrees of freedom. We shall describe in section 2.1 how the microwaves manipulate the atoms and then in section 2.2 how the light pulses act on the atoms. The atomic source is a magnetooptic trap (MOT) of caesium atoms and the interference takes place between the F = 3 and F = 4 hyperfine levels of the ground state.
Separated oscillatory fields
This method was developed by Ramsey [4] and involves the application of two phase-stable microwave pulses, separated in time, coherently mixing the two hyperfine atomic ground states. We use microwaves tuned to this ground state transition to manipulate only the atoms' internal degrees of freedom. The atoms receive two pulses of these resonant microwaves, each with a length and intensity to create a π 2 pulse. The length of these pulses is set at ∼1 ms as this is a convenient time for our microwave switching mechanism. The relative phase of the microwaves at the times of the two pulses is then scanned. The atoms start in the F = 3 level and so the first π 2 pulse puts the atoms into an equal superposition state of F = 3 and F = 4. If the second π 2 pulse is exactly in phase with the first, the overall result is that of a π pulse and the atoms are transferred to the F = 4 level. If the second microwave pulse is exactly out of phase with the first, then the atoms will be returned to the F = 3 level. As the relative phase of the microwaves, φ, is scanned, the final population oscillates between the two levels. The final state is generally a superposition of both the F = 3 and F = 4 levels. Recording the final population of just one level, as a function of this relative phase, produces a set of sinusoidal fringes. The advantage of this scheme over a Ramsey separated field experiment [4] is that by keeping the microwave frequency on resonance, there is no modulating envelope on the fringes and hence the fringe visibility remains constant over many periods of the interference pattern.
We form the separated path interferometer shown in figure 1 by taking the sequence of microwave pulses described above and inserting pulses of light which cause an adiabatic change of the atoms' momentum and internal state. The large ground state hyperfine splitting in caesium, 9 GHz, means that the AT acts on only one ground level at a time. Thus a beam splitter can be realized by applying a π 2 microwave pulse, to create a superposition of the F = 3 and F = 4 levels, followed by an AT pulse tuned to a frequency which is resonant with a transition from the F = 4 level to impart momentum to only the F = 4 component. The full interferometer configuration consists of the following sequence of pulses: π 2 microwave, AT tuned to F = 4, π microwave, AT tuned to F = 4, and π 2 microwave. The additional π microwave pulse in the middle of the interferometer sequence flips the internal states of the atoms between the F = 3 and F = 4 levels to make a symmetric interferometer. This ability to control the atoms' internal states gives us the advantage that the light pulses do not need to change frequency or direction in order to operate on both arms of the interferometer. The final population in either of the F = 3 or F = 4 hyperfine levels can be measured through resonant absorption or emission to give an interference fringe pattern as shown in figure 5 .
We now turn to the process of AT itself and consider it in more detail.
Adiabatic transfer
AT with delayed laser pulses has been demonstrated by a number of groups [5] [6] [7] [8] [9] as a method for coherently transferring population between internal atomic states and simultaneously imparting momentum to them. It relies on the atoms remaining in a dark state, a superposition of ground states which is decoupled from the excited state. It should be noted that a perfectly dark state cannot be formed in caesium because there are more than two substates of the ground level participating in the transfer process. This means that degeneracy in energy cannot be maintained when these substates gain momentum from the photons. This does not, however, prohibit AT; it merely reduces the efficiency obtained [10] . Since the chance of the atom being excited out of the ground level is very low, the probability of the atom undergoing spontaneous decay is greatly inhibited even though it is exposed to resonant light. Thus, random dephasing from spontaneous emission is suppressed and the momentum is imparted coherently, as is vital for an interferometer beamsplitter. Our experiment uses an arrangement of linear (π ) and circular (σ + ) polarized light, tuned to the F = 4 → F = 4 transition of the D1 line (6 2 S 1/2 -6 2 P 1/2 ) in caesium as shown in figure 2 . This transition is chosen because the excited state has only two hyperfine levels, F = 3 and F = 4. The separation between these two levels is 1.2 GHz and so the F = 3 level is far enough away from the F = 4 level that off-resonant excitations to this level are small. Such excitations would be detrimental to the interferometer as they too would cause random dephasing as the atoms subsequently decayed back to the ground state. We choose to perform the AT on the F = 4 rather than the F = 3 ground level because more momentum can be imparted to the F = 4 level. This is because the more magnetic substates the atoms move through, the more photons they exchange with the light field, and hence the more momentum they acquire. The atoms are initially prepared by the microwaves in the F = 4, m F = 0 state, so π polarized light is needed to ensure that this is a dark state. This is because the selection rules forbid m F = 0 → m F = 0 transitions in an F → F = F system. The laser beam must, therefore, propagate with its plane of polarization along the direction of the bias magnetic field for the atom to see it as purely π polarized. Similarly, atoms in the m F = 4 Zeeman substate will be in a dark state if they are exposed to σ + polarized light. In this case, the laser beam must propagate along the direction of the bias field to ensure the atoms see the light as purely circularly polarized. The intermediate situation, where the optical field consists of a combination of the two polarizations, forms a dark state which is a superposition of m F = 0, m F = 4 and all of the substates in between. If the polarization of the light is changed between π and σ + slowly, so that the atoms can adiabatically follow, the atomic population is coherently transferred from the m F = 0 to the m F = 4 state. As the atoms undergo the transfer process, they exchange photons with the orthogonal laser beams and thus pick up a net momentum of 4 √ 2hk in a direction at 45 • to the σ + beam. This momentum difference causes the F = 4 component of the wavepacket to spatially separate from the F = 3 component.
There are a number of different ways in which this transfer of momentum can be used to induce a change in the position of the atom wavepacket. However, all processes must return both wavepackets to the same original internal m F = 0 state so that they can interfere with each other. It is also desirable to keep the atoms in m F = 0 for as much of the interferometer as possible to minimize unwanted phase shifts arising from magnetic fields acting on the non-zero Zeeman substates. Simply making a transfer from m F = 0 to m F = 4, as described above, would cause the atom to be left in the m F = 4 state. One way to avoid this is to slowly reverse the polarizations of the transfer beams once the atom has reached the m F = 4 state. This reverses the transfer process so that the internal state returns to m F = 0. This method will be referred to as an 'out and straight back' transfer, and figure 3(a) shows the relative intensities of the polarizations in this process. During the transfer, the atom has some average momentum, p , so that a spatial displacement
is induced. Here τ trans is the total time of the AT and m is the mass of the atom. In our initial experiments we controlled the amount of spatial displacement by changing τ trans . The major limitation of this technique is that to create large displacements the light needs to be left on for longer and longer times. This causes a decrease in coherence as off-resonant interactions with the F = 3 excited level begin to have a detrimental effect. A second approach which we have used to obtain larger displacements between our interferometer arms is to carry out a transfer from m F = 0 to m F = 4, leave the atoms in m F = 4 for a time τ m F =4 with all light switched off and then transfer them back to m F = 0. The light intensities we used for this 'stretched' AT are shown in figure 3 (b). This method avoids loss of phase information due to light shifts. However, a new degradation comes into play through the interaction of the m F = 4 atoms with magnetic fields. We have obtained interference fringes with both of these approaches and a more detailed discussion of their limitations will be given in sections 4 and 5.
Experimental details
The microwave and optical transitions used in the experiment are shown in figure 4 , with all the relevant caesium levels. The experiment was run in a pulsed mode, beginning with the formation of a magneto-optical trap (MOT) with the cooling and repumper beams, in a radial magnetic field gradient of ∼10 G cm −1 . Typically, 10 7 atoms were trapped. The magnetic field gradient was then turned off and the atoms were cooled in optical molasses to a temperature of 3 µK. At the conclusion of the molasses procedure, the atoms were allowed to fall under gravity. After their release, they were prepared in just one of the ground hyperfine levels, F = 3. This was accomplished by exposing the atoms to a 100 µs pulse of the 'F = 3 pump' light as shown in figure 4 . The pulses that followed constituted the interferometer which we described in the previous section. Typically all of these pulses took place within 20 ms. Throughout this interferometer sequence, the presence of a magnetic bias field of a few mG was crucial. This ensured that the atoms had an axis in space relative to which the Zeeman substates could be well defined. Additionally, for AT, this bias field ensured that the atoms in the orthogonally propagating π and σ + polarized beams would obey the normal selection rules, as shown earlier. To begin the interferometer sequence, a π 2 pulse of microwaves resonant with the F = 3, m F = 0 → F = 4, m F = 0 ground state transition was applied to the atoms. These microwaves were produced by mixing a temperature-stabilized 9.18 GHz source with a 12.63 MHz signal. The 9.18 GHz was derived from the 1836th harmonic of a 5 MHz quartz crystal oscillator which proved to have impeccable stability and the 12.63 MHz signal came from a digital function generator. The pulses were realized by modulating the 12 MHz signal, thus avoiding disturbing the stabilized 9.18 GHz source. With such good frequency definition, it could be ensured that only the m F = 0 → 0 transition was excited since the bias magnetic field of a few mG was enough to Zeeman shift all the other F = 3 → F = 4 transitions out of resonance. The applied microwaves came from the leakage field out of a 1 cm hole in a microwave waveguide located inside the vacuum system, approximately 2 cm below the position of the atoms.
Once the microwaves had created a superposition of the F = 3 and 4, m F = 0 ground states, an AT pulse was applied to manipulate the position of the F = 4 component. The light for the AT was produced by a Ti:sapphire laser operating at 895 nm, the wavelength of the caesium D1 (6 2 S 1/2 → 6 2 P 1/2 ) line. The laser was locked within the line to the F = 4 → F = 4 hyperfine transition using the signal from a saturated absorption spectrum as a reference. The AT pulses were produced using a combination of an acousto-optic modulator (AOM) and electro-optic modulator (EOM). The AOM was used as a high-speed switch which defined the envelope of the pulse. The EOM was placed after the AOM and adjusted the polarization of the light. When used in combination with a high-quality polarizing beam splitter cube, the voltage applied to the EOM controlled the beam splitting ratio of the cube. By using the two cube outputs for the π and σ + beams of the AT, a convenient method of forming the light pulses was achieved. The voltage for the EOM was generated using the combination of an arbitrary waveform generator and a high-voltage amplifier. The versatility of this system meant that the AT pulses could have almost any shape, although in normal operation it was found that a simple linear voltage ramp for the EOM provided near-optimal efficiency for the AT. It was found that the quality of the polarization in the π and σ + beams was crucial to the efficiency of transfer. To achieve the best possible polarization, the number of optical components in the paths of the transfer beams was minimized and half-waveplates were used before each mirror to minimize the polarization scrambling effects. Both AT pulses were performed with the same orthogonal beams, which were expanded to 2 cm in diameter so that the intensity variation would be small over the distance the atoms fell between the AT pulses. Typically, the total intensity in the beams entering the vacuum chamber was 12 mW cm −2 .
The region of the vacuum system in which the interferometer was produced was shielded in three layers of mu-metal to reduce the effect of the Earth's and other stray magnetic fields. Inside the mu-metal were three orthogonal pairs of coils to compensate further any magnetic fields that penetrated the mu-metal. It was one of these pairs of coils that was used to produce the bias field mentioned above.
To reduce the detrimental effects of vibrations on the interferometer, the optics surrounding the vacuum system were mounted on a suspended optical breadboard. In this way, disturbances with a frequency greater than the fundamental frequency of the suspended board were greatly attenuated.
The detection system for our interferometer relied on the absorption of resonant D2 F = 4 → F = 5 light by atoms in the ground F = 4 state. After the atoms had fallen ∼50 cm, they passed through a 50 µW probe beam, 15 mm wide and 2 mm thick. The transmitted intensity of this probe was measured before and after it entered the vacuum can. A frequency modulation spectroscopy scheme was used to improve the signal-to-noise ratio. The level of absorption was proportional to the population of atoms in the ground F = 4 level at the end of the interferometer. By measuring this absorption level as the relative phase of the microwaves was scanned, interference fringes were recorded.
Understanding the fringe visibility
The complete interferometer with AT of the form where the atoms are transferred from m F = 0 out to m F = 4 and then straight back produces interference fringes as shown in figure 5 . The visibility of these fringes, as defined by
is 35%, where I max and I min are the maximum and minimum populations of the atomic states. There are several phenomena influencing this visibility: microwaves, optical pumping and spatial inhomogeneities of potentials.
Microwaves
If we apply just the microwave pulses to the interferometer and do not perform AT, we create an interferometer with no spatial splitting. In this case, the interference fringes have a visibility of about 85%. The microwaves reach the atoms through the leakage field from a hole in a waveguide mounted inside the vacuum can. It was found experimentally that this leakage field oscillated in power with a period of ∼3 cm since the metal vacuum can modifies the field. Hence different atoms in the atomic cloud see different powers and so they will not all undergo exact π or π 2 pulses. Different atoms will, therefore, produce fringes with different visibilities. The resultant fringes from the whole ensemble of atoms will thus begin to wash out and show a reduction in overall visibility.
From these experiments with no light pulses, we know that the microwaves contribute 15% to the visibility loss. We now discuss the loss in visibility due to the separated paths. 
Optical pumping
The efficiency of AT in our system has already been studied [10] . It was found that when the photons impart momentum to the atomic state, as part of the transfer process, the recoil shift leads to the different magnetic substates acquiring different kinetic energies. These energies cause the different magnetic substates to have different phase evolutions and hence evolve out of the dark state. Atoms leaving the dark state are coupled into the excited states. Through a numerical model of the system [10] , it can be shown that the excited state to which the ground Zeeman states most strongly couple is the m F = 1 state. Once population gets excited into this state, it can spontaneously decay and provide a mechanism for population to leak incoherently back into the ground m F = 0 states. Remembering that it is between the F = 3, m F = 0 and F = 4, m F = 0 ground states that the interference takes place, any incoherent atoms getting into these states will cause an incoherent background and hence a reduction in visibility. To assess how big an effect this might be, a numerical simulation was run for the case of a 40 µs 'out and straight back' transfer with a light intensity of 12 mW cm −2 , applied to atoms with a temperature of 5 µK. In this model, spontaneous decay was turned off from all the levels except the excited m F = 1 state. The total population left in the F = 4 ground states during this transfer is shown in figure 6 . The total loss tells us that about 35% of the initial atoms undergo spontaneous decay from the excited m F = 1 state. Note how the greatest losses occur in two regions towards the beginning and end of the transfer as the atoms are passing through the lower Zeeman substates.
Referring to the caesium relative decay rates shown in figure 7 , we see that of this 35% loss, 5 24 (7%) will decay straight to F = 3, m F = 0 and stay there as incoherent background; 3 8 (13%) will decay to F = 3, m F = 1, 2 and not affect the interferometer, other than a drop in total signal; 5 12 (15%) will decay to various F = 4 states and get pumped around again, possibly resulting in another few per cent ending up in F = 3 or 4, m F = 0. The net result of all this optical pumping will be that after one 'out and straight back' AT, ∼60% of the initial atoms are returned to F = 4, m F = 0 coherently, ∼10% will be present as incoherent background in F = 3 or 4, m F = 0 and the rest will be lost from the states involved in the interferometer. After a second AT, there will be ∼36% of the initial atoms that are still coherent and an incoherent background of ∼16% of the initial atoms. This effect alone will lead to a visibility of ∼53%. Figure 6 . Theoretical model of the population of atoms remaining in F = 4 during a 40 µs 'out and straight back' transfer with a light intensity of 12 mW cm −2 applied to atoms with a 5 µK velocity distribution. Spontaneous decay was switched on for the excited m F = 1 state only and atoms were assumed to fall back to F = 3 after a decay. Thus the loss tells us how many atoms underwent spontaneous decay after excitation to the m F = 1 state: ∼35% in this case. We can therefore see that optical pumping is a dominant feature in the loss of contrast in the interferometer fringes. This loss could be reduced by increasing the intensity in the beams as this would make the transfer process more adiabatic. There would thus be less coupling into the excited level and hence a smaller incoherent background. Note that the visibility would not keep increasing with higher intensities, however, as eventually off-resonant excitations into the D1 F = 3 level, 1 GHz below F = 4, will become high enough for the resulting spontaneous decay to reduce the fringe visibility. Running the above numerical model including the loss through off-resonant excitation, it was found that the minimum reduction in visibility, about 10%, occurred for intensities of ∼200 mW cm −2 . However, it should also be noted that the higher the light intensity, the greater the light shifts and the more sensitive the interferometer becomes to spatial inhomogeneities in the light beams, as described below.
Spatial inhomogeneities
Two final effects which should be considered are spatial inhomogeneities in both the magnetic field and the laser beams of the 'out and straight back' AT. Although these may induce phase shifts on the atoms of the order of 1 rad over 100 µs for 10 mW cm −2 light beams, the effect on the interference fringes is much less severe. This is because AT occurs twice in the complete interferometer, once for each arm, and so the phase shifts arising from the first AT are mostly cancelled by the second. There will only be a residual effect if the magnetic field or light intensity vary significantly over the length of the interferometer. With the ATs occurring only ∼100 µm below each other for the 'out and straight back' interferometer, the spatial inhomogeneities have little effect and will only reduce the visibility by a small amount.
Thus we see that in the 'out and straight back' interferometer, visibilities of greater than ∼40% are not possible with our present apparatus and light beam intensities due to the combined effect of optical pumping, the microwaves and spatial inhomogeneities in the magnetic field and light beams.
Limiting effects for a wider interferometer
The fringes shown in figure 5 resulted from an interferometer with 'out and straight back' AT pulses lasting 40 µs each. The mean momentum imparted during this time was ∼2 √ 2hk. It thus follows from equation (1) that the interferometer arm separation was ∼500 nm. As mentioned in section 2.2, a larger separation could be obtained by modifying the AT such that the atoms stay out in the m F = 4 state for a time τ m F =4 before returning to m F = 0. In this case the spatial separation will be given by
To maintain a good visibility, it is important that the light is switched off during the time τ m F =4 so as to avoid further effects of optical pumping and off-resonant light shifts. However, as the interferometer becomes wider and the atoms spend longer in the m F = 4 Zeeman state, the magnetic field plays an increasingly important role in the final visibility. Due to the longer transfer time, the interferometer will also become more sensitive to phase shifts arising from mechanical vibrations and this too can become a limiting effect on the fringe visibility.
Magnetic fields
To see just how wide the interferometer could be made before the fringe visibility was destroyed, we performed a series of experiments with the 'stretched' AT scheme as shown in figure 3(b). Interference fringes were obtained for increasing values of τ m F =4 and the results are shown in figure 8 .
This figure shows experimental fringes, plotted horizontally, for each length of time the atoms spend in the m F = 4 state. The light and dark points correspond to amplitude maxima and minima of the fringes. The linear phase shift as a function of τ m F =4 is not due to the magnetic field because the phase shift induced by the first transfer pulse will be cancelled by the second pulse. The phase shift, in fact, arises from the effect of gravity and the slightly non-horizontal transfer beams, through
Here p is the mean momentum imparted by the light, g is the acceleration due to gravity, τ = τ trans + τ m F =4 is the AT pulse length and t sep is the time between the AT pulses acting on the two interferometer arms. The important feature of this figure, however, is not the phase shift but the way in which the fringes disappear.
Figure 8.
Fringes from the complete interferometer with 'stretched' AT pulses causing the atoms to spend increasing lengths of time in the m F = 4 state. The light and dark points correspond to amplitude maxima and minima of the fringes. The visibility falls to 15% after τ m F =4 = 0.5 ms. Note that the fringes are destroyed through random phase jumps implying that the magnetic field has temporal fluctuations. Figure 9 . Fringes from the complete interferometer with 'stretched' AT pulses as in figure 8 , but with the more stable current drivers to the bias field coils. Note that in this case the fringe contrast washes out smoothly, and is not jittery, implying that the magnetic field is dominated by spatial rather than temporal fluctuations. In this experiment, fringes with a visibility of 15% were still visible after the atoms had spent 3 ms in the m F = 4 state.
Although the fringes have about the same level of contrast as the 'out and straight back' transfer, it can be seen that phase jumps start to appear in these stretched fringes. With τ m F =4 ∼ 0.5 ms, the fringes have a visibility of 15% but for longer times in the m F = 4 state, the jitter in the phase starts to destroy the fringes. The fact that the fringes disappear with phase jitters rather than slowly losing their contrast shows that the magnetic field was fluctuating in time, rather than fluctuating in space. For fluctuations in time, all the atoms in the trap are affected in the same way and pick up the same random phase jumps which can be seen in the final fringes. If the magnetic field were spatially inhomogeneous, different atoms in the trap would pick up different phases and the final fringe pattern, which is the sum of all the individual atom fringe patterns, would start to wash out. These time fluctuations arose experimentally from jitter on the current drivers supplying the coils producing the bias magnetic fields around the interferometer. If a magnetic field jitters in amplitude by B jit on a timescale of t, then it will lead to phase shifts of
where g F µ B h = 2.2 MHz G −1 for the caesium F = 4 ground level. To lose fringes after t ∼ 0.5 ms implies that B jit ∼ 0.7 mG, assuming that mag ∼ π for fringe loss. Thus, fluctuations in magnetic field of the order of 1 mG over 0.5 ms will destroy the interferometer.
The results of the 'stretch' experiments using high-stability current drivers are shown in figure 9 . In this case, clear interference fringes, with a visibility of 15%, can still be seen at τ m F =4 = 3 ms, corresponding to an interferometer arm separation of ∼60 µm. It should be noted that the contrast disappears as a result of the fringes smoothly washing out, rather than random phase jumps. This suggests that with the more stable current drivers, the limiting effect is that of spatial inhomogeneities in the magnetic field, instead of temporal inhomogeneities which have now been suppressed to below 0.1 mG over 3 ms. To gain an idea of how spatially inhomogeneous the magnetic fields can be before the interferometer is destroyed, we must consider the difference in magnetic field between the first AT and the second. This will lead to a phase shift in the interferometer given by φ = φ 1 − φ 2 where φ 1 (φ 2 ) is the phase shift during the first (second) AT due to a magnetic field B 1 (B 2 ). For the interferometer to survive these phase shifts, we must ensure that (φ 1 − φ 2 ) < π. Using equation (4) , this leads to the restriction (B 1 − B 2 ) < 0.1 mG over the length of the interferometer (∼500 µm), for 3 ms transfers.
Vibrations
Another possible source of visibility reduction arises from mechanical vibrations. The optics must be stable enough for the atoms not to see phase jumps in the transfer beams. If a mirror in one beam moves by half a wavelength, the atoms see a π phase shift in the transfer light. Even if the beam returns to its original position, the atom still has the phase shift imprinted on it. This phenomenon can be understood as Berry phase, as is described in detail in [11] . Vibrations are, once again, an example of temporal inhomogeneities which would lead to random phase shifts in the resultant interference pattern. Since the fringes in figure 9 remain smooth, we can conclude that the vibrational phase shifts are less than the magnetic phase shifts. That is, we can be certain that the transfer beams are not shifted by more than ∼100 nm in ∼3 ms.
Conclusion
We have demonstrated a new atom interferometer, using independent mechanisms for setting up the internal coherence and creating a spatial separation of the wavepackets. The analysis of the limits to the fringe visibility is in good agreement with our experimental results. We found that the main limiting factor was optical pumping, which could be reduced by increasing the light intensity to 200 mW cm −2 .
We then analysed our interferometer's ability to create larger separations, which are important for precision acceleration measurements and also for studying fundamental physics such as alternative quantum theories [12] and superstring theory [13] . We found that, for our present setup, the increase in the spatial separation is limited by magnetic field inhomogeneities to about 100 µm.
